The aim of this study was to assess the potential of 3 spectroscopic techniques (fluorescence, reflectance, and light-scattering spectroscopy) individually and in combination, for evaluating low-and high-grade dysplasia in patients with Barrett's esophagus (BE). Methods: Fluorescence spectra at 11 excitation wavelengths and a reflectance spectrum were acquired in approximately 1 second from each site before biopsy using an optical fiber probe. The measured fluorescence spectra were combined with the reflectance spectra to extract the intrinsic tissue fluorescence. The reflectance spectra provided morphologic information about the bulk tissue, whereas light-scattering spectroscopy was used to determine cell nuclear crowding and enlargement in Barrett's epithelium. Results: Significant differences were observed between dysplastic and nondysplastic BE in terms of intrinsic fluorescence, bulk scattering properties, and levels of epithelial cell nuclear crowding and enlargement. The combination of all 3 techniques resulted in superior sensitivity and specificity for separating high-grade from non-high-grade and dysplastic from nondysplastic epithelium. Conclusions: Intrinsic fluorescence, reflectance, and light-scattering spectroscopies provide complementary information about biochemical and morphologic changes that occur during the development of dysplasia. The combination of these techniques (Tri-Modal Spectroscopy) can serve as an excellent tool for the evaluation of dysplasia in BE.
Background & Aims:
The aim of this study was to assess the potential of 3 spectroscopic techniques (fluorescence, reflectance, and light-scattering spectroscopy) individually and in combination, for evaluating low-and high-grade dysplasia in patients with Barrett's esophagus (BE). Methods: Fluorescence spectra at 11 excitation wavelengths and a reflectance spectrum were acquired in approximately 1 second from each site before biopsy using an optical fiber probe. The measured fluorescence spectra were combined with the reflectance spectra to extract the intrinsic tissue fluorescence. The reflectance spectra provided morphologic information about the bulk tissue, whereas light-scattering spectroscopy was used to determine cell nuclear crowding and enlargement in Barrett's epithelium. Results: Significant differences were observed between dysplastic and nondysplastic BE in terms of intrinsic fluorescence, bulk scattering properties, and levels of epithelial cell nuclear crowding and enlargement. The combination of all 3 techniques resulted in superior sensitivity and specificity for separating high-grade from non-high-grade and dysplastic from nondysplastic epithelium. Conclusions: Intrinsic fluorescence, reflectance, and light-scattering spectroscopies provide complementary information about biochemical and morphologic changes that occur during the development of dysplasia. The combination of these techniques (Tri-Modal Spectroscopy) can serve as an excellent tool for the evaluation of dysplasia in BE.
A denocarcinoma of the lower esophagus develops almost exclusively in patients with Barrett's esophagus (BE), a condition characterized by the presence of metaplastic columnar epithelium. 1 Although the prognosis of patients diagnosed with adenocarcinoma is poor, the chances of successful treatment increase significantly if the disease is detected at the dysplastic stage. 2 The surveillance of patients with BE for dysplasia is challenging in 2 respects. First, dysplasia is not visible during routine endoscopy. 3 Thus, numerous random biopsy specimens are required. Second, the histopathologic diagnosis of dysplasia is problematic because there is poor interobserver agreement on the classification of a particular specimen, even among expert gastrointestinal pathologists. 4, 5 Optical techniques, such as fluorescence, 6 -13 reflectance, and light-scattering 14 spectroscopies or optical coherence tomography [15] [16] [17] [18] may significantly enhance the endoscopist's ability to detect these early dysplastic changes in BE. Indeed, fluorescence spectroscopy studies using exogenous fluorophores, such as Photofrin (QLT, Vancouver, Canada) and aminolevulinic acid-induced protoporphyrin IX, show that there is a significant difference between the measured red fluorescence of the carcinomatous and nondysplastic tissue as a result of the preferential accumulation of the drug. 10 -13 Initial autofluorescence spectroscopy studies performed at 410 nm excitation report promising results for detecting highgrade dysplasia. 6 -9 However, focal high-grade and lowgrade lesions could not be detected reliably.
The aim of this study is to show that a combination of spectroscopic techniques can improve the sensitivity and accuracy of dysplasia detection in patients with BE. We show that fluorescence, reflectance, and light-scattering spectroscopies provide complementary information about the biochemical, architectural, and morphologic state of tissue and the corresponding changes that occur during the progression of dysplasia.
The need for using reflected light to correct for the effects of hemoglobin absorption on the measured integrated tissue fluorescence intensity has been recognized and implemented by several groups in animal studies. 19 -21 We illustrate, for the first time to our knowledge in a clinical setting, how the combination of fluorescence and reflectance spectroscopies can be applied to remove distortions introduced by scattering and absorption into the entire measured tissue fluorescence spectrum. The undistorted fluorescence can serve as a sensitive indicator of tissue biochemistry, whereas reflectance and light-scattering spectroscopies provide morphologic information on tissue architecture and epithelial cell nuclei. This is the first report of the simultaneous use of all 3 spectroscopic techniques for characterizing tissue and diagnosing disease. Our results show that the combined use of all 3 techniques (Tri-Modal Spectroscopy) provides superior results compared with the results of each technique individually, in terms of detecting not only high-grade, but also low-grade, dysplastic changes in BE.
Materials and Methods
The study was conducted at the Brigham and Women's Hospital and the West Roxbury Veterans Administration Medical Center. The protocol was approved by the Institutional Review Boards of both hospitals, as well as by the Committee On the Use of Humans as Experimental Subjects of the Massachusetts Institute of Technology. Data were collected from 16 patients with known BE undergoing standard surveillance protocols.
Measurements were performed using a fast excitation-emission matrix (EEM) instrument developed in our laboratory. 22 The excitation light source of this fast EEM system consisted of a 337-nm nitrogen laser (model VSL-337MD; Laser Science, Inc., Franklin, MA) pumping 10 dye cuvettes precisely mounted on a rapidly rotating wheel. In this manner, 11 different excitation wavelengths were obtained between 337 and 620 nm and coupled into the delivery fiber of a 1-mm diameter optical fiber probe. For the reflectance measurements, white light (350 -700 nm) from a Xe flash lamp (Perkin Elmer Optoelectronics, Salem, MA) was coupled into the same probe. The probe was composed of 6 collection fibers surrounding the central light delivery fiber, and it was covered with a protective, transparent optical shield 23 (Figure 1 ).
Three types of spectroscopic information were acquired in less than 1 second. Fluorescence spectra at 11 different excitation wavelengths, reflectance spectra, and light-scattering spectra were obtained. Each type of spectrum was analyzed in a manner that provided information about biochemical and morphologic changes that occur during dysplastic transformation.
Fluorescence spectroscopy can provide valuable information about changes that take place in tissue biochemistry during the development of dysplasia. However, the measured tissue fluorescence spectra can be distorted significantly by unrelated scattering and absorption events. To remove these distortions, the fluorescence spectra were analyzed in combination with information from the corresponding reflectance spectra. 24, 25 The success of this simple model is predicated on the fact that fluorescence and reflectance spectra collected from a specific Figure 1 . Schematic of fast EEM instrument. During endoscopy, the probe was inserted into the accessory channel of the endoscope and brought into gentle contact with the tissue, thus providing a fixed delivery-collection geometry. The reflected and fluorescence light was collected by the probe and coupled to a spectrograph and detector. The average of 3 sets of spectra from each site was used for analysis. Immediately after spectral acquisition, the probe was removed and a slight demarcation remained on the tissue for 30 -60 seconds as a result of the probe contact. This endoscopically apparent marker was used as a guide for taking a biopsy specimen from the same site at which spectra were acquired. The biopsy specimen was interpreted and classified by an experienced gastrointestinal pathologist. If a dysplastic lesion was suspected, the specimen was reviewed and the diagnosis confirmed by a second gastrointestinal pathologist, in accordance with the standard of care. Data were analyzed from 26 nondysplastic BE sites (9 patients), 7 low-grade (4 patients), and 7 high-grade (5 patients) dysplastic sites. site using the same light delivery/collection geometry undergo similar distortions. By extracting the intrinsic (undistorted) tissue fluorescence, changes in tissue biochemistry were isolated in a more sensitive and specific manner.
Principal component (PC) analysis 26 and logistic regression 27, 28 were used to determine the correlation between spectral features of the intrinsic fluorescence and histopathologic diagnosis. PC analysis is a statistical tool that generates a minimal set of basis spectra (PCs) from an experimental data set. These PCs can be combined linearly to describe accurately the experimental spectra. PCs are numbered in a manner that corresponds to the amount of variance they represent in the data. Thus, the first PC accounts for the spectral features that vary the most, and subsequent PCs represent features with progressively smaller variance. Usually, only a relatively small number of PCs are required to fit the spectra to within the accuracy of the noise. Only PCs that described meaningful and significant spectral changes were included in the second step of our statistical analysis.
To analyze this relatively small data set in an unbiased manner, leave-one-out cross-validation 29, 30 was used. Specifically, the PCs of the intrinsic fluorescence spectra that described the spectral features that change during the progression of dysplasia were selected. The corresponding scores (the coefficients describing the contributions of the principal components to the overall spectra) were used to determine our ability to distinguish (1) high-grade dysplasia from low-grade dysplastic and nondysplastic BE, and (2) dysplastic (low-and high-grade) from nondysplastic BE. To achieve that in an unbiased manner, the following cross-validation procedure was performed. The scores from a particular site were eliminated, and logistic regression was used to form a decision surface that classified the remaining sites in a manner that optimized agreement with the histopathological classification. The resulting decision surface was then used to classify the excluded site. This process was repeated for each of the sites. This method, known as leave-one-out or jackknife cross-validation, provided optimal use of a relatively small data set to validate the performance of a decision surface without bias. 29, 30 The decision surface varied minimally during this procedure, indicating the robustness of the technique. Sensitivity and specificity values were determined by comparing the spectroscopic classification with histopathology. Statistical analysis was performed using Matlab statistics software (The MathWorks, Inc., Natick, MA).
The measured reflectance spectra were analyzed using a model based on a diffusion theory, which expressed the reflected light as a function of the absorption ( a ) and reduced scattering ( s ') coefficients of tissue. 31 This analysis provided information about the architecture and morphology of mainly the connective tissue, 32 i.e., the lamina propria and the submucosa, because the collected light originated within 500 -700 m from the tissue surface and the epithelium in Barrett's esophagus consists mainly of a single cell layer. A linear fit was performed to describe the wavelength dependence of s '. The diagnostic value of the slope and intercept of this line was determined by correlating the results of logistic regression and cross-validation with histopathological classification, as in the intrinsic fluorescence case.
Light-scattering spectroscopy (LSS) was used to characterize the epithelial cell nuclei. 33, 34 LSS spectra were extracted from the reflectance data by subtracting the diffuse component provided by the model of Zonios et al. 31 The LSS signal comprised a small fraction of the reflected light and was caused by photons that were singly backscattered by the cell nuclei. The intensity of the LSS spectrum varied in wavelength in an oscillatory manner. The frequency of these oscillations are proportional to the size of the scatterers (cell nuclei), and the depth of the modulations is proportional to the density of the scatterers, which in this case is indicative of nuclear crowding. 33 These variations were analyzed using a model based on the theory of light scattering to determine the number and size of the epithelial cell nuclei. 33 Logistic regression and crossvalidation were then used to compare the spectroscopic classification with that of histopathology. To optimize sensitivity and specificity, the posterior probability threshold for separating high-grade dysplasia from non-high-grade dysplasia sites was set to 0.3.
Finally, results from all 3 spectroscopic techniques were combined to determine whether the number of correctly classified sites could be improved. Specifically, a site was assigned a classification that was consistent with the results from at least 2 of the 3 analysis methods, and this classification was compared with histopathology. Figure 2A shows a typical fluorescence spectrum excited with 337 nm light from a nondysplastic BE site (solid line). There are 2 peaks, which might be attributed to the presence of 2 different tissue fluorophores. However, note that the fluorescence intensity decrease between these 2 peaks occurs in the 420-nm wavelength range, where hemoglobin absorbs light very efficiently. The effects of hemoglobin absorption are clearly observed in the corresponding reflectance spectrum, which exhibits minima at approximately 420, 540, and 580 nm, corresponding to oxyhemoglobin absorption peaks (Figure 2B) .
Results

Extracting the Intrinsic Tissue Fluorescence
When the measured fluorescence spectrum of Figure  2A is processed in combination with the corresponding reflectance spectrum of Figure 2B as discussed in Materials and Methods, the intrinsic (undistorted) tissue fluorescence spectrum at the particular excitation wavelength is obtained (Figure 2A, dashed line) . Note that this spectrum consists of a single broad peak.
Significant differences are observed in the modeled intrinsic tissue fluorescence of nondysplastic and dysplastic BE sites excited at 337 nm ( Figure 3A and B) and 397 nm ( Figure 3C and D) . At 337-nm excitation, the lineshape of the dysplastic sites broadens and shifts to the red region of the spectrum during the progression from nondysplastic, to low-grade, to high-grade dysplasia. At 397-nm excitation, the fluorescence increases in the red region of the spectrum for the dysplastic BE sites. Similar changes are observed at 412-nm excitation (data not shown).
These differences can be exploited to develop algorithms for detecting dysplasia in BE. Specifically, principal component analysis, logistic regression, and leaveone-out cross-validation are used to determine the sensitivity and specificity with which we can separate (1) nondysplastic from dysplastic (low-and high-grade) tissue, and (2) high-grade dysplasia from low-grade and nondysplastic BE epithelium. In each case, the scores of 1 of the first 2 principal components extracted from the intrinsic fluorescence spectra at 337-, 397-, and 412-nm excitation are used (Figures 4 and 5) . The selected principal components describe the observed spectral differences already discussed. From this analysis, sites with high-grade dysplasia can be differentiated from lowgrade and nondysplastic sites with high levels of sensitivity and specificity (Table 1) . Additionally, dysplastic and nondysplastic epithelia can be distinguished with very high sensitivity and specificity (Table 1) .
Reflectance Spectroscopy
As discussed in Materials and Methods, the reflectance spectra can be analyzed using a mathematical model to obtain detailed information about the scattering and absorption properties of the bulk tissue. A typical reflectance spectrum with the corresponding fit obtained using this model is shown in Figure 6 . This analysis shows that the reduced scattering coefficient, s ', of Barrett's esophagus tissue changes gradually during the progression from nondysplastic, to lowgrade, to high-grade dysplasia. For example, at 400 nm, the s ' of high-grade dysplastic tissue (1.3 Ϯ 0.2 mm Ϫ1 ) is lower than that of low-grade dysplastic tissue (1.8 Ϯ 0.3 mm Ϫ1 ), which, in turn, is lower than that of nondysplastic BE tissue (3 Ϯ 1.6 mm Ϫ1 ). Additionally, the wavelength dependence of s ' changes during the development of dysplasia. To describe these changes, a straight line is fit to s '() and the intercept at 0 nm and slope of this line are used as diagnostic parameters (Figure 7) . Using logistic regression and leave-one-out crossvalidation, the sensitivity and specificity for classifying tissue in accordance with histopathology are determined. . Scores of 2 principal components extracted from decomposition of intrinsic fluorescence spectra at 337-and 397-nm excitation used to distinguish high-grade dysplasia (E) from nondysplastic and low-grade dysplasia (s) BE sites. At 337-nm excitation, decomposition was performed in the 460 -520-nm region of the intrinsic fluorescence spectra because this is the wavelength range within which spectral differences are most pronounced. Similarly, at 397-nm excitation, principal components were extracted from the intrinsic fluorescence spectra between 600 and 650 nm. PC 1, first principal component. The dotted line represents the logistic regression decision line for the entire data set. Figure 5 . Scores of 3 principal components extracted from decomposition of the intrinsic fluorescence spectra excited at 337 (460 -520-nm emission), 397 (600 -650-nm emission), and 412 nm (360 -750-nm emission) used to distinguish dysplastic (low-and high-grade; ϫ) from nondysplastic (ᮀ) BE sites. PC 1, first principal component; PC 2, second principal component. The logistic regression decision plane for the entire data set is also shown. This method results in slightly lower overall sensitivity and specificity values than those achieved with the intrinsic fluorescence spectra (Table 1) .
Light-Scattering Spectroscopy
The reflectance spectra are further processed in a manner that allows extraction and analysis of the reflected light scattered from the epithelial cell nuclei. The results of this analysis are displayed in Figure 8 . The ordinate of this figure represents the number of nuclei per square millimeter, indicative of the degree of nuclear crowding, and the abscissa represents the percentage of enlarged nuclei, defined as nuclei having a diameter Ͼ10 m. Note that the nondysplastic samples are concentrated in the lower left-hand corner, indicating cell nuclei that are small and free of crowding. As dysplasia progresses, the data points move to the upper right, indicating nuclear enlargement and crowding, in agreement with the findings of histopathology. This technique is superior in terms of separating the dysplastic (low-and high-grade) from the nondysplastic BE sites ( Table 1) .
Combination of Spectroscopic Techniques for Optimal Diagnosis
The ability to characterize dysplastic and nondysplastic tissue in BE is improved by combining the information provided by each one of the spectroscopic techniques, obtained simultaneously with our system. When a spectroscopic classification is consistent with at least 2 of the 3 analysis methods, high-grade dysplasia is identified with very high sensitivity and specificity, and dysplastic tissue is distinguished from nondysplastic tissue with very high specificity, while maintaining high sensitivity (Table 1) .
Discussion
Spectroscopic techniques use information contained in light signals to assess the state of biological tissue. Optical fiber technology allows spectroscopy to be applied as a diagnostic tool for a wide range of tissues that are accessible endoscopically. Indeed, the use of spectroscopy as a means of improving the physician's ability to detect precancerous (dysplastic) and early cancerous lesions is pursued actively in many organs, such as the oral cavity, [35] [36] [37] [38] the cervix, 39,40 the lung, 41,42 the breast, 43 and the gastrointestinal tract. 6 -14,44 -46 Depending on the technique used, specific information can be acquired about tissue biochemical, architectural, and morphologic features. Microscopic changes in these features that occur during the progression of dysplasia may be detectable spectroscopically before the manifestation of macroscopic changes that are visible endoscopically. Additionally, spectroscopic techniques are noninvasive, allowing study of the tissue in its native state, free of artifacts introduced by cutting and chemically processing the tissue. In principle, spectroscopic signals can be analyzed in real time, thus guiding the physician to biopsy areas that are likely to yield significant pathology or possibly allowing the physician to make an immediate decision on the type of intervention that is required for the successful treatment of the patient. Furthermore, the spectroscopic signals carried by light can be used as objective guides for assessing a particular tissue site, especially in areas in which the intra-and interobserver agreement on the classification of disease is not very good.
In this report, we show the ability of 3 different spectroscopic techniques (fluorescence, reflectance, and light scattering) to characterize biochemical and morphologic changes that occur during the progression of dysplasia in BE. We show the different types of information that can be acquired and the way this information can be used to assist the physician in classifying a particular tissue area. The accuracy of these techniques is evident from the high sensitivity and specificity with which we can distinguish not only high-grade, but also low-grade dysplastic changes (Table 1 ). To our knowledge, this is the first report of a study in which multiple spectroscopic techniques are combined to provide superior results for the detection of early dysplastic changes and the classification of tissue in a manner that is consistent with histopathologic findings.
Fluorescence spectroscopy is under development in many areas as a diagnostic tool. The targets of fluorescence spectroscopy consist of tissue biochemicals such as reduced nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide, collagen, elastin, and porphyrins. Exogenous or exogenously induced chromophores that have been shown to accumulate preferentially in the diseased areas can also be used. Promising results for the detection of high-grade dysplasia using tissue autofluorescence excited at 410 nm have been obtained by Vo-Dinh et al. 6 -9 The difference between the measured integrated intensity-normalized fluorescence and the mean normalized fluorescence from normal esophageal tissue was used for the diagnostic algorithm. The main spectral features that resulted in good differentiation between high-grade dysplastic and nondysplastic tissues were the presence of decreased fluorescence around 470 -480 nm and increased fluorescence in the red region of the spectrum for the high-grade dysplastic tissues. However, this algorithm could not classify correctly sites with low-grade or focal high-grade dysplasia.
In this study, we obtain fluorescence spectra at 11 different excitation wavelengths between 337 and 610 nm. Thus, instead of a single fluorescence spectrum, we have an EEM. EEMs can be used to identify the excitation wavelengths at which tissue classification is optimized. Additionally, EEMs can assist in identifying the origins of the measured fluorescence signals in a more reliable manner. Nevertheless, as shown in Figures 2 and 3, these measured EEMs can be distorted significantly by tissue scattering and absorption. To eliminate artifactual changes introduced by changes in scattering or absorption, rather than by tissue biochemistry, we use the corresponding reflectance spectra, which are affected in a similar manner by scattering and absorption events. Once the distorted measured tissue fluorescence spectra are rectified using the reflectance, we observe that tissue fluorescence excited at 337 nm broadens and shifts to longer wavelengths in a very consistent manner as the tissue progresses from nondysplastic to low-grade to high-grade dysplasia (Figure 3 ). These spectral changes are consistent with the presence of increased NADH levels in dysplastic tissue. Our findings at 397-and 412-nm excitation are consistent with the results of Vo-Dinh et al. 6 -9 with respect to the differences in the red fluorescence, which is attributed to endogenous porphyrins. The spectra corresponding to the high-grade dysplasia sites appear slightly distorted around 470 nm, even after correcting for the effects of scattering and absorption. This suggests that this difference arises as a result of biochemical changes rather than absorption changes. To demonstrate the level of significant changes that are observed in tissue fluorescence during the development of dysplasia, we use the scores of 1 of the first 3 principal components, which collectively describe over 99% of the variance observed in the intrinsic fluorescence spectra excited at 337, 397, and 412 nm. Subsequently, we use logistic regression and leave-one-out cross-validation to estimate and validate in an unbiased manner the sensitivity and specificity with which we can distinguish (1) high-grade dysplasia from low-grade and nondysplastic tissue, and (2) dysplastic (low-and highgrade) from nondysplastic tissue. We find that when we attempt to separate high-grade dysplasia from low-grade and nondysplastic tissue, spectroscopic classification is consistent with histopathology in all but 1 case. Additionally, we can distinguish dysplastic from nondysplastic tissue with very high sensitivity and specificity.
While these initial results are very promising, our ultimate goal is to decompose the intrinsic tissue fluorescence EEMs into EEMs of specific biochemicals, and thus to correlate the observed changes with particular changes in tissue biochemistry. Such knowledge of the events that take place during the progression of dysplasia should lead to improved detection capabilities and to improved understanding of dysplasia in general.
Reflectance spectroscopy can be used not only to remove the distortions observed in the measured tissue fluorescence spectra, but also to provide very detailed and potentially useful information about morphologic and architectural features of the tissue. Specifically, we show in Figure 6 that we can describe the observed tissue reflectance spectra in terms of 2 parameters that are determined by tissue scattering and absorption. For example, changes in the concentration or the oxygen saturation of hemoglobin, the main absorber in the visible spectrum for this tissue type, will result in concomitant changes in the absorption coefficient of tissue. Alterations in the architecture of the connective tissue collagen fibers, one of the main contributors of tissue scattering in diffuse reflectance measurements, 32 will lead to a modified tissue scattering coefficient. Indeed, our analysis suggests that the scattering coefficient of tissue decreases significantly during the development of dysplasia, suggesting that changes that are not observed histopathologically are taking place within the lamina propria and submucosa before the onset of invasion. Recently, it has been shown that an increased level of cysteine and serine proteases is found in gastric and colorectal cancerous and precancerous lesions. 47 Our findings related to the decrease in the value of the scattering coefficient during the progression of dysplasia are consistent with the presence of such enzymes, which could result in a less dense collagen matrix, for instance. The change in the slope of s ' as a function of wavelength suggests that the mean size of the tissue scattering particles is changing. Crowding of the cells and nuclei of the epithelial layer may be responsible for this change. As shown in Table 1 , we can use the observed changes in tissue scattering to classify tissue quite successfully.
Light-scattering spectroscopy is a novel technique that can be used to obtain information about the number and the size of nuclei of the epithelial cell layer. Epithelial cell nuclei are the primary targets of reflected light that is singly scattered before it is collected by our probe. The intensity and oscillations of this singly backscattered light are characteristic of the number and size of its target nuclei. We have used this technique to characterize precancerous and early cancerous changes in the colon, the oral cavity, the bladder, and BE. 14, 34 We include the results of this technique for the data set of this particular study to illustrate the information that can be acquired and combined with fluorescence and reflectance spectroscopies. We find that light-scattering spectroscopy outperforms the other 2 methods in terms of its ability to separate the dysplastic from the nondysplastic BE sites.
The combination of all 3 techniques is an extremely sensitive and specific tool for the detection of dysplasia in BE and provides superior results to any 1 of the techniques alone. In this case, the spectroscopic classification is in agreement with the histopathological one for all 7 high-grade dysplastic sites and 33 non-high-grade sites. Additionally, all sites are classified correctly as dysplastic or nondysplastic, with the exception of 1 site. The observed improvement is expected because each of the techniques examines different features of tissue biochemistry and morphology that can be altered during the development of dysplastic changes. We note that in a larger data set, less than perfect agreement is to be expected.
These very promising and substantial results demonstrate the ability of spectroscopic techniques to provide useful information for disease classification in a noninvasive manner. Although each of the techniques discussed in this article shows great potential as a means of detecting dysplasia in BE, their combination should allow us to create a comprehensive picture of the biochemical and morphologic state of tissue. Specifically, decomposition of the intrinsic tissue fluorescence EEMs into EEMs of biochemicals such as NADH and collagen will provide details about tissue biochemistry. Reflectance and light scattering spectroscopy yield morphologic information related to the connective tissue and the epithelial cell nuclei. Because this information is free from artifacts introduced by tissue excision and processing, it can help advance the understanding of the processes that lead to the progression of dysplasia. Development of software for performing data analysis using all 3 types of spectroscopic information in real time at endoscopy will allow us to test the applicability of these techniques as a guide to performing biopsies in the near future. Extension of these methods to imaging modalities will enable large tissue areas to be studied rapidly.
